Microcalorimeters have been used to measure the temperature dependence of the specific heat C p (T) of amorphous R x Fe 100Ϫx (RϭGd, Tb͒ thin films prepared by both sputtering and e-beam coevaporation. a-Tb x Fe 100Ϫx films possess large randomly oriented local magnetic anisotropy and large exchange coupling; they are considered random-anisotropy magnets. By varying growth temperature and by annealing, films of the same composition but with very different macroscopic anisotropy constant K u were prepared and studied. K u reflects the degree of nonrandomness in the local anisotropy axis directions. a-Gd x Fe 100Ϫx films possess negligible local and macroscopic anisotropy. All samples show a relatively sharp peak in C p (T) at the Curie temperature T c determined by magnetization measurements, indicative of a phase transition, independent of the magnitude of K u . Effective critical exponents of ␣ϭ␣ЈϭϪ0.6 to Ϫ0.7 and a critical amplitude ratio of 1.5-2.5 are measured for reduced temperatures down to 0.02. Nearly all possible magnetic entropy is developed below T c , unlike what is seen in spin glasses. Increased growth or annealing temperature causes a small but systematic increase in T c , in the inverse high-field susceptibility and in the homogeneity of the sample; K u by contrast increases with growth temperature, but decreases with annealing. ͓S0163-1829͑98͒09733-1͔
I. INTRODUCTION
The structural and magnetic properties of amorphous rareearth-transition-metal (a-R-TM) alloys and amorphous TbFe 2 in particular have been extensively studied over the last 20 years. The combination of a transition metal such as Fe or Co, which gives a high T c ͑well above room temperature in many cases͒, and a rare earth such as Tb, which gives a large local magnetic anisotropy, causes the material to be of technological importance. For most thin films, the growthdeposition process induces a perpendicular uniaxial anisotropy K u . [1] [2] [3] [4] [5] K u together with a suitable T c , coercivity, Kerr rotation, and optical reflectivity, has made quaternary alloys related to a-TbFe 2 , the material of choice for magneto-optic recording. 6, 7 Because of the strength and ͑approximately͒ random orientation of the local magnetic anisotropy field of the Tb ion, which tends to pull the local magnetic moment away from a collinear arrangement, studies of amorphous TbFe 2 were prominent in the development of randommagnetic-anisotropy ͑RMA͒ theory, a branch of the field of random magnetism. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Specific heat studies of magnetic materials are useful in several ways: characterization of the nature of the magnetic transition, determination of the magnetic entropy evolved and hence the number of magnetic states populated between Tϭ0 and the transition and/or above the transition, and characterization of the low-energy magnetic excitations of the system. Specific heat measurements allow a characterization of the magnetic transition and low-temperature properties in zero magnetic field, a useful property when magnetic measurements may be complicated by magnetic history dependence such as in spin glasses. It is also helpful to know the temperature dependence of the specific heat of a material used for magneto-optic recording where heating it from room temperature to above the magnetic ordering temperature is needed for what is called Curie point writing. There have been no specific heat studies of a-Tb-Fe alloys, largely due to the technical difficulties inherent in measuring the specific heat of thin films at temperatures at and above room temperature. Studies on RMA materials to date have focused on those with low magnetic freezing temperatures. [21] [22] [23] [24] [25] We have made recent advances in microcalorimetry which make high-temperature measurements possible. 26 In this paper, we present measurements of the specific heat C p (T) and highfield magnetic susceptibility (T) for a-RFe 2 (RϭTb, Gd͒ prepared under different conditions in order to clarify the effects of preparation conditions and the interplay of random anisotropy, exchange, and coherent uniaxial anisotropy on the magnetic state of these alloys.
The exchange interaction between Fe ions is primarily ferromagnetic ͑due to a relatively large Fe-Fe separation͒, while the interaction between R and Fe ions is antiferromagnetic ͓but not frustrated, since the two subnetworks of Tb ͑or Gd͒ and Fe are distinct͔, giving rise to a ferrimagnet ͑more properly termed a sperimagnet for a-TbFe 2 due to the random anisotropy of Tb͒. Comparisons to a-Y-Fe ͑Refs. 9 and 27͒ suggest that there is still significant exchange frustration from some antiferromagnetic Fe-Fe interactions, but these are somewhat offset by the R-Fe interactions which are not frustrated, making this a reasonably good system for studying random anisotropy effects. Harris, Plischke, and Zuckermann ͑HPZ͒ introduced the following Hamiltonian for RMA materials with predominantly ferromagnetic exchange: H ϭϪ approximates the low symmetry of the amorphous structure with a uniaxial anisotropy of ͑average͒ strength D and direction n i , which varies from site to site. There have been a number of reviews of this problem, both theoretical and experimental. 11, [13] [14] [15] It is generally believed that amorphous magnets with isotropically distributed RMA show no magnetic long-range order ͑LRO͒ for dimension dр4 for three spin components (mϭ3), even for J ex Ͼ0. This result has been rigorously proved in the large-D or large-m limit; arguments have been made that it also holds for infinitesimal D, but the low-D/J ex limit is much less clear. [16] [17] [18] 28 Because of the strength of the Tb-Fe exchange and the strength of the local anisotropy constant D for Tb, D/J ex ϳ0.3-0.7 for a-TbFe 2 .
29 Small-angle neutron-scattering studies 8 on a-Tb 32 Fe 68 ͑extremely rapidly sputtered, with no macroscopic anisotropy K u ) showed a noncollinear magnetic structure and a finite ferromagnetic correlation length below the transition temperature T c ; this result was pivotal in the early development of RMA theory. The correlation length increased from ϳ10 Å at 450 K to only ϳ135 Å below T c ϭ409 K, and then decreased to ϳ50 Å at low temperature. Further evidence of the random-anisotropy state in a-TbFe 2 was a large high-field susceptibility above technical saturation and a reduced value of the Tb saturation moment. 8, 9 For D/J ex ӷ1, theory and simulation show an exponentially damped spin-spin spatial correlation function, with a finite ferromagnetic correlation length R f , which is short, but considerably larger than the lattice constant a, and zero net magnetization in zero field. 18, 28, 30 This state has been termed speromagnetic and has zero macroscopic moment. The transition from the high-temperature paramagnetic to the low-temperature spin-frozen state has been shown theoretically to be related to that of an exchange-frustrated spin glass, where at most high-order derivatives of the free energy show discontinuities. Monte Carlo simulations by Jayaprakash and Kirkpatrick showed a broad parabolic peak in C p (T) at a temperature far above any magnetic freezing, consistent with the development of short-range magnetic order as is commonly seen in exchange-frustrated spin glasses. 18 The weak anisotropy limit D/J ex Ͻ1 is theoretically less clear. Between the Dϭ0 ferromagnetic state and the D/J ex ӷ1 nonferromagnetic state, there must be a phase transition at some value of D/J ex . This could occur at exactly Dϭ0, the spin correlations remaining exponentially damped with a correlation length R f which increases as D/J ex becomes smaller and becomes infinite as D approaches zero ͑to be more precise, limited only by long-range dipolar effects as in a conventional ferromagnet͒. There has been a suggestion that for small D/J ex , the behavior at T c might resemble that of a simple ferromagnetic system, with the RMA properties not being relevant until magnetic order is well developed. 15, 20 Alternatively, there could be a crossover at a finite D/J ex value. A likely scenario, based on results of Fisch described below, 31 is that there are two crossovers: one at Dϭ0 from true long-range ferromagnetic order to a quasi-long-range-ordered state with power-law spin correlations for finite but small D/J ex and a second crossover at larger D/J ex to the exponentially damped spin correlation state described above. It is experimentally clear that the ratio of D/J ex has a strong impact on magnetic properties such as coercivity and high-field susceptibility, with a crossover between different types of behavior ͑exchange dominated versus anisotropy dominated͒ suggested to be at D/J ex ϭ0. 3. 11,32,33 If there is a critical value of D/J ex , it would necessarily depend on the concentration of the rare earth in the alloy, as well as on the crystal structure which affects the number of neighbors.
As an approximation to a low-D/J ex material, Fisch recently performed a computer simulation for a twocomponent RMA material, one with D/J ex ϭϱ and concentration x and the other component with D/J ex ϭ0. This simulation shows a crossover from spin-glass behavior at high x to a quasi-long-range-ordered ͑QLRO͒ state for x Ͻ0.6, suggesting that low-D/J ex materials might exhibit this QLRO state. 31 Fisch also found a QLRO state for spins confined to a plane (mϭ2), in three dimensions (dϭ3) even for D/J ex ӷ1, 34 and in the related random-field problem in dϭ3. 35 The QLRO state has no true long-range magnetic order, but has power-law spin-spin correlations ͑instead of exponentially damped͒ and a susceptibility and correlation length which diverge at the phase transition from the paramagnetic state. The critical behavior of specific heat in this dϭ3, mϭ3 RMA model is still not completely clear; it appears that extremely small reduced temperatures (tϭ͉TϪT c ͉/T c ) may be necessary to observe true critical behavior and that the applicable range of reduced temperature shrinks with reducing x. The manifestation of this behavior is that the apparent critical behavior depends on the value of x. For example, at xϭ0.125, Fisch found that the specific heat exhibited a cusp with critical exponent ␣ϳ Ϫ0.45 and amplitude ratio A/AЈϭ2.5 to as small a reduced temperature as was compatible with the size of the simulation, while at xϭ0.25, a reasonable approximation to a-TbFe 2 since D/J ex is of order 0.7 for Tb, the specific heat appeared to exhibit a cusp with ␣ϳϪ0.6 and A/AЈϾ1, down to reduced temperatures of 0.05, below which deviations occurred. For xϭ0.5 ͑more appropriate for a-Tb 2 Fe), the peak is rounded (␣ϽϪ1). This variation with x is an indication that the observations actually reflect crossover behavior ͑from pure Heisenberg to the real RMA͒. The true critical behavior at the transition to the QLRO state for m ϭ3, dϭ3 is ͑probably͒ a broad peak with ␣ between Ϫ1 and Ϫ2, but will only be observable extremely close to T c for most x. The mϭ2, dϭ3 RMA problem shows a cusp in the specific heat ͑hence a discontinuous derivative͒, like a Kosterlitz-Thouless phase, with critical exponents ␣ϭ␣Јϭ Ϫ0.76 and A/AЈϭ1. 34 Experimental low-temperature specific heat studies on a-DyCu 2 and a-Dy 52 Cu 48 show broad transitions characteristic of spin glasses. [21] [22] [23] In these materials, however, significant exchange frustration almost certainly exists and may play a crucial role. By contrast, specific heat data by von Molnar et 25, 24 We have fit their data to critical exponents and find reasonable scaling with Ϫ2Ͻ␣ ϭ␣ЈϽϪ1, consistent with the theoretical work by Fisch.
Magnetic measurements near and at the magnetic freezing temperature by Sellmyer and Nafis, Dieny and Barbara, Lee and O'Shea, and others showed that the ac magnetic susceptibility grows large over a narrow temperature range and the nonlinear susceptibility appears to diverge at the freezing temperature for mϭ3, dϭ3 materials even for large ͑but not infinite͒ D/J ex , also consistent with Fisch's recent work. 9, 11, 14, 32, [36] [37] [38] [39] [40] [41] [42] These data have been interpreted as showing a true phase transition, with critical exponents somewhat different than those found for the classical spin-glass materials, 39, 40 consistent with the observations of specific heat. 24, 25 There is also evidence of a crossover from spinglass-like to ferromagnetic behavior as a function of increasing applied magnetic field. 36, 41, 42 There are, however, still questions concerning the interpretation of the critical exponents obtained from the fits to magnetization measurements. They depend nearly linearly on D/J ex , 36 which is not consistent with a critical point, since, in general, there cannot be continuously varying classes of exponents for similar materials. Reported critical exponents obtained by magnetization measurements together with scaling relationships give values of the specific heat critical exponent ␣ ranging from Ϫ5 to Ͼ0. 36, 39, 40, 43 These results are suggestive of Fisch's interpretation of crossover behavior giving different apparent values of critical exponents. 31 An additional consideration in RMA materials is that the set of local anisotropy axis directions n i is not necessarily random from site to site. There are two distinct types of correlations in n i , with different effects on the magnetic properties. First, there can be correlations in the directions of neighboring n i , introducing what Chudnovsky referred to as an orientational correlation length R a . 20 It has been suggested that in the amorphous state, the orientational correlation length could and/or should be much longer than the positional correlation length, which tends to be only an interatomic distance a. 44 Following Chudnovsky's notation, R a causes the exchange energy J ex to be replaced by an effective exchange energy which is reduced by (a/R a ) 2 . R a therefore greatly impacts the crucial ratio of anisotropy to exchange energy, the ferromagnetic correlation length, and M (H,T), 20, 45, 46 but in principle has no effect on the nature of the phase transition, unless the ratio of D/J ex actually causes a change in universality class. R a has never been determined by direct structural methods but magnetization studies of a-RFeB suggested an R a ϳ100 Å, far greater than the ϳ10 Å atomic-structural correlation length. 45 The second type of correlation in n i is a preference for a given spatial direction, e.g., along the growth direction of a thin film, leading to a macroscopic anisotropy K u . This type of correlation could have a much more profound effect; it has been theoretically demonstrated that even in the large-D/J ex limit, the ferromagnetic state can be recovered as the ground state in the presence of sufficiently large but finite K u . 19, 20 It is clear that in the limit that all n i are aligned along the growth direction, the material is a ferromagnet. There must therefore be a crossover at some fraction of n i alignment. The nature of the magnetic freezing transition in the presence of large uniaxial anisotropy is not clear. If the ground state of the system is a ferromagnet with uniaxial anisotropy, it should have the critical parameters of the pure Ising system, for which the specific heat diverges (␣Ͼ0). The Harris criterion, however, says that ␣Ͼ0 is not possible for a system with disorder, such as an amorphous material. 47 It is then not clear what critical exponents are expected; a possibility is those for the random-exchange Ising system, which has ␣ϭϪ0.1 for dϭ3.
Experimental studies where D/J ex was held at least approximately constant and the coherent anisotropy K u changed in a controlled way are quite limited. del Moral et al. studied this transition in a disordered crystalline alloy (Dy x Y 1Ϫx Al 2 ; the anisotropy D is due to random strain fields͒ as a function of increasing x, which increases D/J ex . 48 Saito et al. examined the effect of coherent anisotropy on susceptibility in an a-Dy 10 Gd 4 Fe 86 alloy by choosing two films with different K u ; the source of the difference was not explained. 49 Qualitatively, it is known that the magnitude of K u in a-TbFe 2 strongly affects the shape of the M (H) hysteresis loops, but there have been no quantitative experimental studies of how the nature of the phase transition depends on K u . Previous attempts to analyze the magnetic phase transition of a-TbFe 2 with perpendicular anisotropy K u were unsuccessful; the material appeared to be multiphase. 43 To consider the magnitude of K u necessary to induce a crossover, we follow Chudnovsky's work and introduce the ratio
, and H u ϭ2K u /M 0 is the coherent anisotropy field. 20 When H u /H s Ͻ1, the properties of the RMA magnet are not significantly altered by K u ; for example, R f is still given by the equation above. However, when H u /H s Ͼ1, the system is converted to what is called a ferromagnet with wandering axis. Here, the magnetization approximately lies along one of the two coherent anisotropy easy-axis directions, as in a conventional uniaxial ferromagnet, but within a domain, the magnetization wanders in direction with a characteristic tilt angle ͑away from the coherent anisotropy direction͒ ϳ(H u /H s ) 1/4 ϰ(a/R a ) 3/2 and a perpendicular correlation length R f
. Previous work on a-TbFe 2 thin films has shown that the coherent anisotropy K u increases with increasing substrate temperature T s during deposition, from less than 1 ϫ10 6 erg/cm 3 to greater than 1ϫ10 7 ergs/cm 3 . 2, 50 Annealing at temperatures near 620 K can reduce or eliminate this anisotropy, without inducing crystallization. 5, 50, 51 The magnitude of K u can thus be varied over two orders of magnitude by choice of deposition conditions and/or annealing. Estimates of the necessary value of K u needed to restore LRO are ϳ4ϫ10 6 ergs/cm 3 at low temperature and several times lower at room temperature. 52 The properties of an initially high K u sample should therefore depend strongly on annealing, which reduces and then eliminates K u ͑in which state the sample should be describable as an mϭ3, dϭ3 RMA material͒. With further annealing, tensile strains plus magnetostriction together with dipolar ͑shape͒ anisotropy make K u significantly negative (K u Ͻ0 means a planar anisotropy, which should be describable as an mϭ2, dϭ3 RMA state͒. These alloys should therefore be appropriate for examining the effect of coherent anisotropy on the RMA state and on the transition from paramagnetic to spin frozen state, similar to crystalline materials with magnetocrystalline anisotropy where the phase transition from paramagnet to ferromagnet is strongly affected by the magnetocrystalline anisotropy. 53 Note that, both K u and K r must have the same temperature dependence since they have the same underlying source in the local electrostatic fields; therefore either neither or both are important to the nature of the phase transition.
II. SAMPLE PREPARATION AND CHARACTERIZATION
Samples were grown from separate Tb, Gd, and Fe sources by either e-beam coevaporation in a UHV chamber or by magnetron cosputtering with a Meissner (LN 2 -cooled͒ shroud providing a high-vacuum environment. Nb or Cu were used as overlayers to prevent oxidation. The pressure before evaporation is Ͻ3ϫ10 Ϫ9 Torr and Ͻ1ϫ10 Ϫ8 Torr during growth; pressures during sputtering inside the Meissner shroud are similarly low. Samples were grown on substrates held at different temperatures T s to obtain different values for the perpendicular anisotropy K u . Typical deposition rates were 0.5-5 Å/s. There has been extensive x-ray scattering, transmission electron microscopy ͑TEM͒, neutron scattering, and extended x-ray absorption fine structure ͑EX-AFS͒ studies on sputtered R-TM alloys in the past showing the amorphous nature of the samples and the absence of nanocrystallites.
1-3,5,8,54 X-ray, TEM, Rutherford backscattering, and Auger profiling studies have been performed on both our e-beam-evaporated and sputtered samples. 51, 55 For e-beam-evaporated a-Tb 28 Fe 72 grown at 523 K, the bright field TEM image is featureless and the selected area diffraction ͑SAD͒ rings are diffuse. TEM images for a-Tb 28 Fe 72 grown at room temperature show diffuse SAD rings. For these samples, the bright field image shows evidence of density fluctuations with a length scale of 100-300 Å, presumably related to a columnar microstructure. Such microstructure is common in evaporated amorphous materials and is not evident in the sputtered films, nor in the evaporated films grown at 523 K. 56 Films grown at room temperature and annealed at 523 K appear identical in TEM to the as-deposited films, including the density fluctuations; in particular, no sign of crystallization was detected, consistent with earlier work on annealed a-Tb-Fe. 2, 5 Auger depth profiling showed no O ͑to the resolution of the measurement, ϳ1%͒ in a-Tb 28 Fe 72 and uniform Tb/Fe composition for both sputtered and evaporated samples.
Room-temperature magnetization and high-temperature M vs T measurements were made on a vibrating sample magnetometer. High-field susceptibility was measured in a superconducting quantum interference device ͑SQUID͒ magnetometer. K u was determined using a torque magnetometer employing a 45°method. 57 Compositions were established by an electron microprobe, 58 with an uncertainty of Ϯ1 at. %.
Heat capacity measurements of microgram thin films up to 540 K are made possible by the use of microcalorimeter, 26 which have an extremely small addenda ͑substrate, thermometer, and heater͒ contribution to the total heat capacity. The addenda is reduced by using a 180-nm-thick amorphous silicon nitride (a-Si-N) membrane as substrate, and using thin film heaters and thermometers. 2500 Å ͑17 g͒ of Ag was first sputtered onto this membrane. This layer of Ag serves as a thermally conducting layer and makes the sample isothermal during measurement as discussed extensively in Ref. 26 . The Ag layer is compressive because of the sputtering conditions; this prestressing of the device membrane was found to be necessary for the membrane to survive e-beam depositions of a-R x Fe 1Ϫx , which are quite tensile for T s Ͻ520 K. 59 For T s ϳ520 K, the tensile strain is smaller and we were able to use thermally evaporated ͑tensile͒ Au. The heat capacity of the Ag ͑Au͒ and device was first measured to give an accurate ͑Ͻ2%͒ determination of the addenda. The samples were then grown on the Ag ͑or Au͒ and, to prevent oxidation, capped with 30-50 nm of Cu ͑or Nb͒ evaporated in situ. As discussed in Ref. 26 , we use the relaxation method in measuring the heat capacity. The measurements were carried out from 80 to 530 K in a hightemperature, high-vacuum cryostat. Sample masses were determined from the thicknesses, areas, and densities. Thicknesses were estimated from the deposition rates and compared with profilometry measurements made on films grown on a-Si-N-covered-Si substrates positioned next to the devices during sample deposition. Planar dimensions were measured using an optical microscope. We used previously reported values for the density of a-Tb 33 Fe 67 of 8.3 g/cm 3 ͑Ref. 8͒ and a density of 8.3 g/cm 3 for a-GdFe 2 . The film thickness ͑mass͒ for the heat capacity samples was typically 3000 Å ͑16 g͒ to 4000 Å (21 g) with an uncertainty of Ϯ6%. Figure 1 shows the heat capacity of evaporated a-Tb 32 Fe 68 grown at 523 K and the addenda ͑the nitride membrane substrate, thermometer, heater, and Au conducting layer͒. The total heat capacity at 500 K is ϳ17 J/K and the addenda contribution is ϳ8.5 J/K. Therefore, even at elevated temperatures when phonon contributions to the substrate heat capacity are most significant, the signal from ϳ21 g of a-Tb 32 Fe 68 is large. Subtracting the addenda contribution from the total signal gives the sample heat capacity ͑Fig. 2͒. For this high K u (1.2ϫ10 7 ergs/cm 3 ) sample, the transition is quite sharp ͑Fig. 2, lower inset͒. Annealing at 623 K for 4 h reduced K u to ϳ3ϫ10 6 ergs/cm 3 . Measurement of the specific heat after annealing showed no significant change in the sharpness of the transition and a small increase in T c ͑ϳ5 K͒ ͑Fig. 2, upper inset͒. Figure 3 shows the specific heat of evaporated a- Figure 4 shows a comparison of the specific heat of these e-beam-evaporated samples as deposited ͓Fig. 4͑a͔͒ and annealed ͓Fig. 4͑b͔͒. Both annealing and higher deposition temperatures increase T c and slightly sharpen the transition, despite the fact that they have opposite effects on K u . The specific heat data become increasingly similar with annealing, suggesting that these samples relax toward the same homogeneous metastable amorphous state independent of preparation history. Figure 5 shows the heat capacity of evaporated a-GdFe 2 grown at 348 K. 58 The specific heat shows a peak which is comparable in breadth to that of a-Tb 32 Fe 68 . Between 120 and 400 K, the specific heats of the two samples are nearly identical. Figure 6 shows the specific heat of sputtered a-Tb 34 Fe 66 grown at T s ϭ523 K. Data are shown for the film as deposited and after annealing ͑520 K for approximately 2 h͒. The T c is slightly lower ͑by 20 K͒ than that found for the evaporated samples, partially due to the increased Tb concentration, but the peak width is comparable. Annealing increases T c slightly ͑by ϳ10 K͒ and causes the peak to sharpen, to even a greater degree than for the evaporated samples ͑com-pare, for example, the two samples grown at 523 K, 51 the lower T s results in a slightly lower T c and a broader peak, which both sharpens and shifts to higher T c ͑by ϳ10 K͒ upon annealing. Figure 7 shows a comparison of the specific heat of the sputtered films and one of the evaporated films.
III. RESULTS
For each of the data, the magnetic contribution to the specific heat C m (T) is determined by subtracting the lattice, electronic, and dilation contributions. The lattice contribution is constrained by the lower-temperature data in Figs 60 ͑this maximizes the lattice contribution͒ and a maximum dilation and electronic contribution such that the total nonmagnetic contribution matches the lowest measured value of the specific heat at 525 K. The long-dashed line in Fig. 2 shows this calculation. An ͑unrealistic͒ upper limit for C m (T) for a-Tb 32 Fe 68 is based on a minimum lattice contribution ͓⌰ D ϭ300 K ͑Ref. 60͔͒ and electronic ␥T only, with no dilation contribution. This line is not shown in the figure, but allows us to set an upper limit on magnetic entropy ͑discussed below͒. Figure 8 shows normalized M (T) near T c for the samples whose heat capacity data are shown in this paper. M (T) was measured on heating in a 200 Oe field after first magnetizing the samples in a high field ͑10 kOe͒. The ''kink'' method for 32 Fe 68 grown at T s ϭ348, 423, and 523 K and sputtered a-Tb 34 Fe 66 grown at T s ϭ273 and 523 K. All data normalized to value measured at 373 K. Data were taken on heating in a 200 Oe applied field normal to the sample plane after magnetically saturating the sample at room temperature with 10 kOe applied normal to the plane. Samples shown are from the same deposition runs as samples shown in Figs. 1-7. defining T c from these data was used. T c from this measurement correlates with the peak of the specific heat measurements, but is systematically ϳ10-15 K higher; this may reflect the breadth of the transition due to inhomogeneity in either density or atomic coordination or could be a thermometry calibration error in the magnetometer which relies on a thermocouple. Figure 9 shows this magnetically measured T c versus growth temperature T s for a-Tb 32 Fe 68 samples grown by e-beam coevaporation and by sputtering. There is a systematic trend to higher T c with increasing T s , as seen in the specific heat measurements. A similar trend is found with annealing. There is no sign of crystallinity in these samples; the shifts in T c are likely due to small changes in density and atomic coordination. We note that T c for the crystalline Tb-Fe compounds with comparable composition are all much higher: 711 K for TbFe 2 , 650 K for TbFe 3 , and 574 K for Tb 6 Fe 23 .
FIG. 8. M (T) near T c for e-beam-evaporated a-Tb
37 Figure 10͑a͒ shows M vs H at various temperatures T from 297 K down to 5 K for sputtered a-Tb 28 Fe 72 . For this sample, H c ϭ700 Oe at 297 K, and increases with decreasing T. The M (H) loops are square, and the remanent moment in zero field equals the intercept from the high-field slope for all temperatures shown; i.e., the sample does not spontaneously demagnetize in zero field. The data in Fig. 10͑a͒ Figure 10͑b͒ shows the differential linear susceptibility versus composition x for sputtered a-Tb x Fe 100Ϫx and a-Gd x Fe 100Ϫx grown at different temperatures T s . in this figure was measured at room temperature in fields to 5.5 T. There is a significant decrease in with increasing growth temperature; samples grown at the highest temperature ͑523 K͒ have nearly identical to the a-Gd x Fe 100Ϫx sample. All values are lower ͑factor of 2͒ than that measured in the rapidly sputtered samples of Rhyne et al., also shown in the figure. 8 for a-Tb x Fe 100Ϫx slightly increases with increasing x at the higher values of x, but is nearly constant through the ferrimagnetic compensation point ͓M (297 K)ϭ0 for ϳ21 at. % Tb͒. is thus independent of the net magnetization and must therefore reflect a susceptibility of the sublattice moments, as originally suggested by Rhyne et al. 9 Annealing FIG. 9 . T c determined by kink method from plots such as those shown in Fig. 8 66 . Samples grown at temperatures T s Ͻ400 K show signs of annealing ͑relaxation͒ upon measuring up to 480 K ͑necessary for measuring T c ); specifically, T c increases by 10-15 K with a second measurement. T c for these samples thus may be slightly shifted upwards from their intrinsic as-grown value. 28 Fe 72 grown at T s ϭ300 K vs applied field at various measuring temperatures. Field applied normal to plane of film. All data taken on cooling in the applied field from room temperature. Coercive field H c is 700 Oe at room temperature, and the sample is Tb rich of the roomtemperature compensation composition; so all data are taken in the technically saturated state. Diamagnetic contribution of substrate and sample holder has been subtracted. Lines show fit to linear differential susceptibility (M 0 ϩH). ͑b͒ High-field susceptibility ϭ‫ץ‬M /‫ץ‬H at 300 K in fields to 5.5 T for sputtered a-Tb x Fe 100Ϫx and a-Gd x Fe 100Ϫx vs composition x for various T s and anneals as shown ͑all anneals for 4 h͒. Data from Rhyne et al. ͑Ref. 9͒ for extremely rapidly sputtered a-TbFe 2 also shown. T c varies very little over composition range shown in figure. did not result in any noticeable change in the magnitude of despite significant changes in K u and H c .
FIG. 10. ͑a͒ Magnetization of sputtered a-Tb

IV. DISCUSSION
The peak in the specific heat C p (T) is relatively sharp and occurs at a temperature T c which is ͑if anything͒ slightly lower than that measured from the magnetization onset. These results are unlike conventional spin glasses where the specific heat maximum is at a temperature considerably higher than T c determined from magnetization measurements and is quite broad, reflecting the development of short-range order only. Even for S-state Gd where we expect negligible RMA effects (D/J ex Ӷ1), we observe a C p (T) peak comparably sharp to the Tb-based alloy. Annealing or raising the growth temperature T s increases T c by 5-25 K depending on the original T c and sharpens the C p (T) peak. It thus appears that the T c of fully relaxed a-TbFe 2 is closer to 450 K than the 400 K usually quoted. The shift in T c due to annealing or higher T s for both sputtered and e-beamevaporated samples is likely due to a small increase in density or changes in coordination, causing an increased exchange interaction. a-Tb x Fe 1Ϫx samples prepared by e-beam evaporation show a slightly higher T c ͑20 K approximately͒ than those prepared by sputtering at a comparable T s . The reduced T c of sputtered samples suggests that they are locally less dense ͑thereby lowering the exchange interaction͒ than the e-beam-evaporated samples. The sputtered samples also have a slightly lower K u for each growth temperature T s , evidence of less surface mobility during growth, 2,50 and the C p (T) peak sharpens more rapidly on annealing, evidence that in the bulk of the sample diffusion and relaxation occurs more readily, all consistent with a somewhat lower local density in the sputtered samples.
To further characterize the shape of the C p (T) peak, and hence the nature of the phase transition, we turn to critical exponent analysis and write C m ϭ(A/␣)t Ϫ␣ ϩB, a form appropriate for a negative value of ␣.
63 Figures 11 and 12 show log-log plots of ͓C m (T c )ϪC m (T)͔ versus reduced temperature tϭ(TϪT c )/T c above T c and tϭ(T c ϪT)/T c below T c for a-Tb 32 Fe 68 . The fits made are not sensitive to the subtractions made to get C m from C p . T c and C m (T c ) are fitting parameters; here they were chosen by eye from the raw data. 64 Data on samples prepared at other temperatures or for other annealing conditions are qualitatively similar. For all samples, ␣ was found to be equal to ␣Ј and is approximately Ϫ0.6 to Ϫ0.7 and the critical amplitude ratio A/AЈ is approximately 2 ͑ranging from 1.5 to 2.7͒ ͑primed values: T ϽT c ; unprimed: TϾT c ͒. For a-GdFe 2 , we were unable to measure substantially above T c , but below T c we again find ␣ЈϭϪ0.6 with no sign of deviation from a straight line on this plot, although data become noisy for reduced temperatures less than 0.03. For the a-Tb 32 Fe 68 , we find no significant change in either A/AЈ or ␣ upon annealing ͑which we note eliminates K u ), but the data on annealed samples follow the critical behavior to smaller reduced temperature t, i.e., closer to T c , giving the appearance discussed earlier of a sharper C p (T) peak. Deviations from scaling occur for t Ͻ2ϫ10 Ϫ2 , which is within approximately 8 K of T c . 65 Measurements of amorphous, soft magnetic materials found that tϾ0.1 did not reflect critical behavior; it was suggested that similar effects might be true for RMA magnets. 66 We however see no significant deviation in behavior for t on either side of this value. We suggest that samples, particularly those grown at lower growth temperatures, show a ''smearing'' of the C p peak due to inhomogeneity such as density fluctuations. Annealing ͑without allowing crystallization͒ increases the homogeneity of the samples, causing them to show critical fluctuation behavior to smaller values of reduced temperature.
The apparent cusp in C p (T) and the near coincidence of the magnetically and thermodynamically determined T c values suggest that we are observing a phase transition, for all samples, independent of the magnitude of K u . The longrange order theoretically induced by K u should cause the spins to be Ising like, instead of Heisenberg like, thus caus- ing a phase transition to occur. However, we see similar behavior even in samples which have been annealed so that K u ϳ0, or even further, so that the intrinsic anisotropy K ui ϭ0 and resultant net anisotropy K u Ͻ0 due to shape anisotropy plus tensile strain-induced anisotropy which should give x-y (mϭ2) behavior. Our measured values of ␣ϳ Ϫ0.6 to Ϫ0.7 and A/AЈϳ2 are found in all samples. These observed exponents are significantly more negative than either Heisenberg or Ising phase transition exponents, but are also significantly less negative than that seen in spin glasses. 53 It is of course possible that inhomogeneity broadening obscures the real critical behavior at smaller t, such that the observed exponents are only effective critical exponents, representative of crossover behavior. von Molnar et al. and Hattori et al. also found a relatively sharp C p (T) peak at a temperature similar to that measured magnetically for a-Dy-Ni alloys and a-Er-Ni alloys, large-D/J ex materials. 25, 24 The value of ␣ there appears to be between Ϫ2 and Ϫ1, significantly more negative than our present results on low-D/J ex materials. These results together suggest that for RMA magnets with no significant exchange frustration, there is some form of phase transition at finite temperature, which is a qualitatively different behavior than that of a spin glass, consistent with observations based on magnetization. [39] [40] [41] [42] By contrast, RMA magnets with randomness in the exchange as well as in the local anisotropy, such as a-Dy-Au and a-Dy-Cu alloys, show a broad C p (T) peak similar to the conventional spin glasses where exchange frustration dominates, and ␣, if it exists at all, is less than Ϫ2. [23] [24] [25] As discussed in the Introduction, Fisch recently did a computer simulation on a two-component RMA system to approximate a low-D/J ex material such as a-TbFe 2 and found a specific heat peak with an apparent cusp with ␣ϭ Ϫ0.6 and A/AЈϭ2.5, which is rounded ͑␣ more negative͒ for reduced temperatures below 0.05 ͑a value which depends strongly on D/J ex ), results strikingly similar to what we see experimentally. 31 The interpretation of these simulations is still somewhat unclear; changing x leads to changes in ␣ and A/AЈ, 31 inconsistent with universality theory. Fisch has suggested that the observed behavior is a crossover ͑as a function of concentration x͒ from pure Heisenberg model specific heat to random anisotropy behavior and that true critical behavior may only be visible for extremely small reduced temperatures. Further exploration of the dependence of the specific heat on concentration seems warranted.
The magnetic entropy S mag developed between 80 and 525 K is determined from the specific heat by integrating C m /T. We find S mag ϭ28Ϯ5 J/mol K for a-Tb 32 Fe 68 and 33Ϯ5 J/mol K for a-Gd 32 Fe 68 ; these numbers represent nearly all possible magnetic entropy for these materials. For spin glasses, typically less than 30% of the available magnetic entropy is developed between 0 K and magnetic freezing, and so this is further evidence that RMA materials do not behave like spin glasses. The uncertainty comes from the estimated uncertainties in electronic, lattice, and dilation contributions combined, plus a 5% uncertainty in sample mass. For a-Tb 32 Fe 68 , a firm lower limit on S mag can be found by integrating the minimum C m (T) as discussed above and shown in Fig. 2 : S mag ͑lower limit͒ developed between 80 and 525 Kϳ21 J/mol K. A firm upper limit is based on the upper limit on C m discussed above; S mag ͑upper limit͒ ϭ32 J/mol K. The magnetic entropy includes contributions from both Tb ͑or Gd͒ and Fe. Due to the low symmetry of the electrostatic field in an amorphous system, all orbital degeneracy is lifted with energy differences in the 3d transition series on the order of 10 4 K. The moment of the Fe is nonintegral in these metallic systems: ϳ1.6 B . Since this is nearly entirely a spin moment, with a g factor of 2, an approximation that is commonly used is to represent the available states as 2Sϩ1ϭ2.6. Therefore, the contribution to the entropy by Fe 2 is S mag ϭ2R ln 2.6ϭ15.9 J/mol K. For the 4 f series, spin-orbit coupling is of the order of 10 4 K and the electrostatic field interaction is of the order of 10 2 K. L and S combine to give J, which is approximately still a good quantum number, and the crystal field ͑electrostatic͒ splittings will be given by D͓͗J z 2 ͘ϪJ(Jϩ1)/3͔ with the z axis defined along the local n i axis. For Tb (Jϭ6), the entropy if all levels in the J multiplet were accessible would be S mag ϭR ln 13ϭ21.3 J/mol K. Even for Dϭ10 K, almost certainly larger than the real value, 29 by 300 K the entropy S mag for the Tb ion would be R ln 11.8 if the energy levels were split by crystal fields only. By 525 K, S mag ϭR ln 12.6. These numbers imply that for a-TbFe 2 virtually all Tb crystal field levels should be occupied by 525 K and are significantly populated even by 300 K, quite unlike the early work done on a-DyCu where an observed entropy of only R ln 2 through T c led to the conclusion that only the lowest crystal field levels are populated. The random orientations of the crystal fields and the HPZ approximation of local uniaxial symmetry should not qualitatively change the argument that, by 525 K, crystal field splittings of a-TbFe 2 are not relevant and hence we expect to see the full magnetic entropy of the J multiplet. In a-TbFe 2 , the exchange splitting of a single Tb ion at Tϭ0 is larger than the crystal field splitting ͑another way of discussing D/J ex Ͻ1); hence the development of entropy is dominated by the usual excitations of a ferromagnetic system, e.g., spin waves. 525 K is far enough above T c ϭ420 K that nearly all magnetic entropy should be developed. Thus the total expected entropy from Tϭ0 to 525 K should be only slightly less than (2R ln 2.6ϩR ln 13) ϭ37 J/mol K. The measured value between 80 and 525 K is 28 J/mol K; we therefore estimate that nearly 9 J/mol K is found below 80 K. For a-GdFe 2 , the total theoretical magnetic entropy is 2R ln 2.6ϩR ln 8ϭ33 J/mol K; the measured value is 33Ϯ4 J/mol K between 80 and 525 K. Very little entropy must lie below 80 K therefore. We suggest that the low-temperature excitations for both of these materials, with D/J ex ratios Ͻ1, will be dominated by spin-wave-like contributions. The smaller low-temperature ͑Ͻ80 K͒ magnetic contribution for a-GdFe 2 is consistent with the factor of 2 increase in J ex ͑Gd-Fe͒ compared to ͑Tb-Fe͒. 4, 67, 68 Finally, Figs. 10͑a͒ and 10͑b͒ show that the high-field magnetic susceptibility shows a strong correlation with growth temperature and a weak dependence on measurement temperature. We suggest that the dependence of on growth temperature is because the orientational correlation length R a is longer in samples grown at higher temperature. This correlation can be extended to the early data of Rhyne et al., for which ϭ2.2ϫ10
Ϫ3 emu/cm 3 Oe. 9 We suggest that the extremely rapid sputtering rates ͑ϳ100 Å/s͒ used to prepare these earlier mm-thick a-TbFe 2 samples led to a less ordered amorphous sample, with slightly reduced T c ͑383 K͒, no perpendicular anisotropy K u , and a shorter R a . The sample shown in Fig. 10͑a͒ has perpendicular anisotropy K u and has been magnetized with net out-of-plane remanent magnetization at zero field; it must therefore be in the ferromagnet with wandering axis ͑FWA͒ state at all fields shown. In this state, the angular deviation of the net magnetic moment from perpendicular varies inversely with the orientational correlation length R a and varies in proportion with this angle. The observation that the high-field susceptibility does not change appreciably upon annealing, despite large changes in uniaxial anisotropy constant K u , implies that structural relaxation of the amorphous state does not significantly affect R a ͑and therefore R f ). There is an alternate interpretation for this high-field susceptibility: a ferrimagnetic-like canting of both Tb and Fe moments towards the field direction, due to weaker Tb-Fe exchange coupling. Given a long R f , it is possible that both Tb and Fe moment directions wander. Following the geometry of Ref. 69 and assuming a wandering axis angle of as little as 10°from perpendicular, due to either macroscopic growth-induced effects or the random anisotropy-induced wandering, and using the mean-field values of the exchange constants, we obtained ϭ1ϫ10 Ϫ3 ergs/cm 3 Oe for Hϭ100 kOe, a value consistent with observation. Finally, we have not subtracted a conduction electron susceptibility from , but it is very unlikely that this significantly depends on the preparation temperature. It is possible that the low values for a-GdFe 2 and a-Tb 32 Fe 68 prepared at the highest temperatures reflect this contribution, and this should then be subtracted from the other data to give the true local moment contribution.
V. SUMMARY
We have shown that the magnetic ordering of a-RFe 2 thin films, where RϭGd, Tb, shows a relatively sharp cusp in the specific heat, with evidence of thermodynamic critical fluctuations, at the same temperature as that measured magnetically, independent of the magnitude of coherent anisotropy K u . a-TbFe 2 is considered a random-anisotropy magnet, in the exchange-dominated low-D/J ex regime, while a-GdFe 2 has negligible anisotropy. Nonetheless, the specific heat of these two alloys appear nearly identical over most of the temperature range measured. Virtually all available magnetic entropy is evolved below T c for both materials, quite unlike what is seen in spin glasses and unlike what was found for the high-D/J ex materials where the low T c led to the population of only the lowest crystal field levels. Fits to critical fluctuation theory suggest that the specific heat critical exponent ␣ is approximately Ϫ0.6, significantly less negative than that found for high-D/J ex materials, which are in turn significantly less negative than the upper limit set for spin glasses. From recent work by Fisch, it appears that ␣ϭ Ϫ0.6 may represent crossover behavior rather than a true critical exponent, with critical behavior only visible extremely close to T c for low-D/J ex materials. Sputtered and e-beam-evaporated a-RFe 2 samples appear qualitatively similar; there are small shifts in T c which suggest that the evaporated films are locally denser, despite TEM evidence of larger scale density variations in the evaporated samples. Increasing the growth temperature of either sputtered or e-beam-evaporated samples causes a slight increase in T c , a sharpening of the specific heat peak, and a decrease in highfield susceptibility . We suggest that this correlation can be understood by assuming that increasing the growth temperature increases the local density and the orientational correlation length R a and improves the sample homogeneity which causes critical behavior to persist closer to T c . Annealing of any sample also increases T c and causes the specific heat peak to sharpen, due again to a more homogeneous, denser sample; , however, is unaffected, suggesting that R a is not significantly changed. magnetic ions, one ͑Tb͒ with strong anisotropy and the other ͑Fe͒ giving the strong exchange which produces a T c well above room temperature. From mean-field analyses ͑Refs. 4, 67, and 68͒, Fe-Fe exchange is the largest, Tb-Fe exchange is approximately 1/3 of this, and Tb-Tb exchange is extremely small. The most appropriate J ex is the Fe-Tb coupling constant, ϳ1.0-1.5 ϫ10 Ϫ15 ergs. Then the effective value for A is ϳ0. 3 . The number of neighbors should also affect the relevant D/J ex ratio; however, the number of Fe neighbors for Tb in a-TbFe 2 is similar to the number of magnetic neighbors in other RMA materials studied. A factor of 3 makes little difference to any of the discussion in this paper; due to the strong Tb-Fe exchange coupling, these alloys are in the moderately weak anisotropy limit unless R a is much longer than the interatomic spacing.
